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A simple one-dimensional semi-classical model with a 
Morse potential is used to investigate the possibility of two- 
color infrared multi-photon dissociation of vibrationally ex- 
cited nitrogen oxide. The amplitude ratio effects and adia- 
batic effects are investigated. Some initial states are found 
to have thresholds smaller than expected from single-mode 
considerations and multiple thresholds exist for initial states 
up to 32. 

PACS: 42.50.Hz 

Two-color lasers interacting with molecules with a 
phase difference might alter greatly the behavior of 
molecular dissociation. According to the calculation by 
Charron et al for H2 with varied phase shifts between 
two laser fields, |^ the above-threshold dissociation of 
H2 can be strongly enhanced by combining the laser ra- 
diation with a harmonic and varying the relative phase 
between the two radiations. However their calculation is 
for only the first excited state. 

It has become possible to transfer population of nitro- 
gen oxide (NO) efficiently to higher states: Yang et al 
reported experiments in which molecules were populated 
into an initial vibrational state as great as n = 25 by 
stimulated-emission pumping (SEP) whereas Schie- 
mann et al showed how to populate to a state n = 6 by 
a stimulated Raman process involving adiabatic passage 
(STIRAP) using pulsed lasers |^. Therefore it is desir- 
able to know about the behavior of a diatomic molecular 
at other excited states under intense two-color laser fields. 

In this work, previous results ^] for single-mode lasers 
using a Morse potential were extended for a laser with 
its own third harmonic. Instead of considering H2 ^ as 
did by Charron et al, we considered NO, which can serve 
to answer the question whether the observed behavior is 
universal for all diatomic molecules. The main purpose 
of this work was to find the dissociation thresholds of NO 
with two-color lasers; guided by results of two-color lasers 
we returned to find lower thresholds under single-mode. 

The model used is simple and cannot distinguish be- 
tween above-threshold dissociation and other effects such 
as stimulated emission, multiphoton absorption, bond 
softening and suppression of dissociation as did Charron 
et al. However, we can assess which effect has the most 
significant influence. As above-threshold dissociation is 
the most important contribution for photodissociation of 
molecules, according to Charron et al, one would expect 
our results to be consistent with theirs. 

We consider an isolated non-rotating NO molecule in- 
teracting with plane-polarized harmonic laser fields. The 
dimensionless Hamiltonian of a free diatomic molecule as 



a Morse oscillator is 



^^0 



2 



(1 



-z\2 



(1) 



in which z and p arc the dimensionless coordinate and the 
corresponding momentum respectively. The parameters 
of NO are given in Ref . [Q . 

The effects of neglecting the rotational contribution 
are two fold. Firstly, additional selection rules might 
apply if one considered the rotational contribution. Sec- 
ondly, angular momentum contributes an effective poten- 
tial l{l + l)/{z + re)'^, with Te the equilibrium inter-nuclei 
distance, which alters the asymptotic behavior of the ef- 
fective potential of the radial Schrodinger equation at 
large separation. |^ The Hamiltonian without the angu- 
lar part corresponds to a model of DNA denaturation in 
the continuum limit. 

We concluded in previous work that an exponential 
form of coupling is suitable for molecular calculation. 
With two color-lasers the interacting Hamiltonian reads 



- a)e-(^+")/^(Ai sin(m) + A2 sin(3ra ^ 
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in which Q, and Aj, j — 0,1,2, are dimensionless fre- 
quency and amplitudes respectively. The variables a and 
b were chosen to have the values 2 and 1 respectively in 
the calculation. The definition of the dissociation rate is 







P^ssit) = 1- <^Pl{t)\iji{t) >, 
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in which \ipi{t) > is the interacting wavepacket. We take 
T, the pulse duration, to be 300 (or 600) optical cycles. 
With this choice the pulse duration lies in the nanosecond 
range. The dimensionless amplitude A = 1 corresponds 
to a laser intensity 320 TW/cni^. 

The numerical method used is a fast Fourier- 
transformed grid method. Q All calculations were done 
dimensionlessly at = 0.9, which is slightly less than the 
transition frequency between the ground state and the 
first excited state of the free Morse oscillator. Each dis- 
sociation threshold curve was obtained from more than 
1000 points of calculations. There is no general rule to 
find out a second or a third transition for each initial 
state. However, it is reasonable to expect that neigh- 
boring states, or other similar states, should have similar 
thresholds. 
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Firstly, the previous result of a single-mode laser is re- 
produced in fig. 1 , with several additional lower thresholds 
found and no = 1 is found to have three thresholds. 

Secondly, for two-color lasers, four curves for Ai — 1 
and ^2 = V3 with = 0, f , tt, in Eq. (|) are plot- 
ted in fig. 2. As before we computed both T ~ 300 and 
T = 600. For over half the initial states a phase differ- 
ence TT reduce the value of Ac most effectively. In order to 
compare the effect of the phase difference, we replotted 
fig. 2 in fig. 3 for T = 300 and 600 respectively. Although 
we simulated with more than twice the laser power in 
the present case than in the single-mode case, the thresh- 
old amplitudes were not diminished correspondingly, con- 
trary to results of Charron et al. By comparing Ac for 
T = 300 and for T = 600 one obtains hints about whether 
a particular value of ng is dissociated by itself or by tran- 
sition to other states. According to perturbation theo- 
ries 1^ the shorter is the light pulse, the more stationary 
states are excited and vice versa. The fact that a phase 
difference tt does not invariably result in the smallest dis- 
sociation threshold contrasts with our intuition that zero 
phase difference has the largest intensity, but is consistent 
with the calculation on first excited states by Charron 
et al. However, the difference diminished as T became 
larger, i.e. fig. 3(b). Multiple thresholds were found up 
to an initial state equal to 32 for a phase difference tt. 

Thirdly, a modified amplitude ratio for Ai = 1 and 
A2 — 2 was also investigated; the results are plotted in 
fig. 4 with T = 300, comparison with fig. 3(a). At a phase 
difference 7r/2, no = 4 has four thresholds. A phase dif- 
ference TT still has the most lowest thresholds whereas a 
phase difference 7r/2 has no lowest threshold. 

There are some inherent limitations to this model. One 
suspects that multiple thresholds at higher initial states 
can also be found with calculations of finer amplitude 
resolution. Secondly, no > 44 shows almost the same Ac 
in all calculations, which is also attributed to the resolu- 
tion of A calculated. However, consideration of spectral 
data jl^ shows that above the vibrational state v — 30 
an electronically excited state ^E'^ can be excited by a 
radiationless transition from the ground electronic state. 
Furthermore NO has an ionization energy 9.26 eV some- 
what greater than the dissociation energy, 6.5 eV. There- 
fore under strong fields the molecule might be excited 
electronically and suffer ionization before dissociation. 

In summary, the following conclusions are found in 
comparison with single-mode driven lasers in previous 
work. Firstly, up to four thresholds were found for two- 
color laser cases instead of three thresholds for single- 
mode laser excitation. Secondly, multiple transitions 
were found for initial states as high as 32, instead of 
20 under a single-mode laser. Both the first and sec- 
ond points support that two-color cases are more com- 
plicated than single-mode cases. Thirdly, the tail of the 
dissociation curve remains almost constant, perhaps be- 
cause our computation cannot resolve that fine detail. 
Fourthly, for most initial states the power required is not 
much influenced by the presence of the higher harmonic 



laser, although some initial states with smaller dissocia- 
tion threshold were found. This conclusion disagrees with 
results of Charron et al. Finally, our result is consistent 
with those of Charron et al that for the first excited state 
a phase difference (j) — n results in the greatest dissoci- 
ation rate, although rotational effects are not yet con- 
sidered. Because of the computational cost, only limited 
data were calculated. 
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FIG. 1. Critical amplitude (Ac) of various initial states 
with a single- mode laser at Q = 0.9; for the solid thick line 
T = 300 whereas for the thin dashed line T = 600. 
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fig. 2(a) of J.J.-L. Ting 




Amplitude 



fig. 3(a) of J.J.-L. Ting 
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fig. 2(b) of J.J.-L. Ting 



fig. 2(d) of J.J.-L. Ting 



Initial State 




Initial State 




Initial State 



,„ „ „ Initial State 

10 20 30 40 50 

FIG. 3. Critical amplitudes (Ac) of various initial states for 
two lasers at Ai — 1, A2 = \/3 and = 0.9 in Eq. (^) at 
phase difference </> = (thick solid lines), ^ (thin solid lines), 
71 (thick long dashed lines), and ^ (thin short dashed lines) 
with envelope periods (a) T = 300 or (b) T = 600. 
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FIG. 2. Critical amplitudes {Ac) of various initial states 
with two lasers at Ai — 1, A2 = \/S and Q — 0.9 in Eq. 
(|) at phase difference (j) = (a) 0, (b) f , (c) n, (d) ^ with 
T = 300 (solid line) or T = 600 (dashed line). 
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FIG. 4. Critical amplitude (Ac) of various initial states by 
two lasers sd, Ai — 1 and A2 — 2 m Eq. (^) at phase difference 
= (thick solid lines), ^ (thin solid lines), tt (thick long 
dashed lines), and ^ (thin short dashed lines) with envelope 

Initial state period T = 300. 
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